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Abstract

To characterize ATP-sensitive channels (K ,1p channels) benzopyrans with different substituents at position 6 were synthesized as new
K arp-activators. Their relaxant potencies were determined in rat aorta and trachea. In aorta, pECy-values (—log, M) ranged from 7.37
to 5.43; in trachea, pECg,-values were 0.3 to 0.8 log units lower. Functional data were compared with binding data obtained in calf
tracheal cells using the cyanoguanidine [*H]P1075 (N-cyano-N'-1,1-dimethyl[2,3(n)->H]propy!)-N2-(3-pyridinyl)guanidine) as radioli-
gand. A high correlation (r = 0.96) between pEC,,- and pK-values indicated that tracheal relaxation produced by benzopyrans is
mediated via K ,p channels without signal amplification. The permanently charged trimethylammonium derivative designed as a probe
for the membrane site of action completely lost its affinity for K o5 channels, but converted to an antagonist for muscarinic acetylcholine
receptors (pKg = 6.12 4+ 0.10), as confirmed in radioligand binding studies (pK = 5.77 + 0.04). Structure—activity analyses revealed
that the 6-substituent influences biological activity by a direct receptor interaction of its own and not indirectly by withdrawing electrons
from the benzopyran nucleus. The variance of the biological activity is primarily determined by electrostatic properties, but desolvation
energies additionally contribute. © 1999 Elsevier Science B.V. All rights reserved.
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Muscarinic receptor antagonism

1. Introduction

During the last two decades, the treatment of hyper-
tension has undergone a remarkable revolution with the
introduction of several classes of drugs like calcium antag-
onists and angiotensin converting enzyme inhibitors. More
recently, a new class of compounds has been detected
which lowers blood pressure by a novel mechanism of
action, involving an increase in the outward movement of
K* ions through K* channels in the membranes of vascu-
lar smooth muscle cells, finally resulting in the relaxation
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of smooth muscle. These compounds modulate the activity
of K ,1p channels which are composed of a small inwardly
rectifying K* channel subunit plus a sulfonylurea receptor
(SUR) that carries the binding sites for K ,;p channel
agonists and antagonists (Aguilar-Bryan et a., 1998; Ham-
brock et al., 1998; Schwanstecher et al., 1998).

Among these compounds, termed K* channel activa-
tors, cromakalim was the first drug shown to act exclu-
sively by this mechanism (Hamilton et al., 1986). Chemi-
caly, cromakalim is a benzopyran, the best investigated
subgroup among K* channel activators. Structure—activity
studies of the benzopyrans mainly focus on variations in
the 4-position of the benzopyran nucleus whereas system-
atic investigations of variations in the 6-position are very
limited (Bergmann and Gericke, 1990; Gericke et al.,
1991; Ishizawa et al., 1993; Ohta et al., 1994).
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Type A

Type B

Type C

As alead for benzopyrans systematically derivatized in
the 6-position we selected bimakalim, which is well char-
acterized as a K™ channel activator (Gericke et al., 1991)
due to its high activity (Mannhold et al., 1996, 1999), its
high affinity for K,;p channels of cardiomyocytes
(Lemoine et al., 1998) and of smooth muscle cells of the
coronary artery (Lemoine et al., 1996) and its lack of
chirality. Three types of new benzopyrans were used as
depicted in Scheme 1.

In the present paper, we describe the relaxant properties
of these compounds in aortic and tracheal smooth muscle
of the rat and define structure—activity relationships with
special regard to the question whether the 6-substituent
influences biological activity either by modulating the
electronic properties of the aromatic part of the benzopy-
ran nucleus or by a receptor interaction of its own.

2. Materials and methods
2.1. Isolated tissues

2.1.1. Tissue preparation

Male Wistar rats (body weight 300—400 g) were anes-
thetized with ether and the chest was opened. The trachea
and aorta were removed and washed free of blood with
modified Krebs solution containing (mM) 90.0 NaCl, 29.0
NaHCO;,, 5.0 KCl, 1.0 Na,HPO,, 0.5 MgSO,, 0.04 EDTA,
2.25 CaCl, equilibrated with carbogen (95% O,, 5%
CO,). The water was deionized and double distilled in
glass. After the removal of connective tissue, fat and
endothelium, aortas were cut into rings of 3 mm width and
mounted in pairs in a modified Blinks apparatus equipped
with 7-ml organ baths (Blinks, 1965) without further ma-
nipulations. Tracheas were opened on the opposite side of
the muscle layer, tied on one end to a thread (Flexafil 6 /0,
J. Pfrimmer, Erlangen) and also set up in the Blinks
apparatus. Each strip was attached to a strain-gauge trans-
ducer connected via amplifiers to polygraphs (Watanabe
V) for isometric force measurement. In the organ baths,
the modified Krebs solution was supplemented with (mM)
pyruvate 5, fumarate 5, L-glutamate 5, glucose 10, and
ascorbate 0.2. Resting force was adjusted to 5 mN (aorta)
or 10 mN (trachea) at the beginning of an experiment and
remained unchanged throughout the experiment. Experi-
ments were carried out at 32.5°C.

2.1.2. Concentration—effect curves

At the beginning of each experiment, the modified
Krebs solution was supplemented with 5 mM fumarate, 5
mM pyruvate, 5 mM L-glutamate and 10 mM glucose and
the tissues were alowed to equilibrate in the bath solution
for 2 h followed by two successive test contractures at
60-min time intervals. In aortic rings K *-contractures were
induced by replacing 20 mM NaCl by KCI in the Krebs-
solution described above, resulting in a final concentration
of 25 mM KCI. In tracheal strips, test contractures were
induced with 0.6 wM carbachol. A third contracture was
induced to record a cumulative concentration—effect curve
for a K* channel activator. In each experiment, eight
aortic rings and eight trachea strips from two animals
were investigated simultaneously. Two of the eight prepa
rations from each animal served as controls to record the
spontaneous changes in tension. Effects (E, %) are ex-
pressed as percentages (4, %) of basa and maximum
force measured before and after induction of contractures,
respectively. Concentration—effect curves for the test com-
pounds were constructed with individual effects (E, %)
and pEC,,-values were measured by linear extrapolation
from half-maximal effect levels to drug concentrations.
Maximum effects were determined by considering basal
force before induction of the contracture as 100% relax-
ation. Means + standard errors of the mean (S.E.M.) were
calculated for n = 4—6 experiments.

2.1.3. Estimation of the dissociation constants for blockade

In order to evaluate if AE 51 acts as an antagonist at
muscarinic acetylcholine receptors, five cumulative con-
centration—effect curves for carbachol were determined,
one in the absence and four in the presence of increasing
concentrations of AE 51. Concentration ratios (CR) for the
agonist were measured at 50% effect levels as the ratio of
carbachol concentrations in the absence and presence of
AE 51. CR-vaues depend on blocker concentrations [B]
according to Arunlakshana and Schild (1959)

log(CR — 1) =m-log[B] — log Kg (1)

where K is the equilibrium dissociation constants of AE
51 and m is the slope of the regression line. Data were
analyzed by linear regression analysis. When m was not
significantly different from unity, the mean pK, (—log,
M) was calculated as pK ; = log(CR — 1) — log[B] for each
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of the tested antagonist concentrations (Lemoine and Kau-
mann, 1983).

2.2. Isolation of tracheal smooth muscle cells

Cells were isolated by enzymatic disaggregation as
published (Lemoine et al., 1989, 1997) with some modifi-
cations (Teschemacher et al., 1998). In brief, tracheal
strips were freed from cartilage, mucosa and connective
tissue. Cylindrical strips of less than 0.8 mm width and
5-10 mm length were cut along the natural direction of the
ring muscle fibers. The strips were incubated in an isotonic
potassium /methanesulfonate solution containing 130 mM
KOH, 20 mM taurine, 5 mM pyruvate, 5 mM creatine,
adjusted with 10 mM HEPES and methanesulfonic acid to
pH 7.4 and supplemented with 70 mg,/100 ml collagenase
D (Boehringer, Mannheim), 10 mg/100 ml pronase E
(Serva, Heidelberg) and 0.1 mM CaCl,. Trachea strips
were incubated in three Erlenmeyer flasks (100 ml), each
with 10 ml of collagenase medium at 37°C, on a magnetic
stirrer stirring at 60 rpm. Every 30 min, the cell-rich
supernatant was harvested with pasteur pipettes. The cells
were spun down at 200 g for 10 min and washed three
times with potassium /methanesulfonate buffer. After seven
to eight incubation periods, the muscle strips were com-
pletely disaggregated. More than 2/3 of the cells were
elongated and fusiform and less than 1/3 had a rounded
appearance, as observed by phase-contrast microscopy.

2.3. Radioligand binding

For radiolabelling of K ,;p channels we used [*H]P1075
(N-cyano-N'-1,1-dimethyl[2,3(n)->H]propyl)-N 1-(3-
pyridinylguanidine) as radioligand (Manley et d., 1993;
Quast et al., 1993). The specific activity of [*H]P1075 was
108 Ci /mmol. The incubation was performed in a Ca?*-
free cell culture medium (minimum essential medium ea-
gle supplemented, MEMS) at 37°C. The radioligand was
incubated for 60 min, which guarantees complete equili-
bration with K,;p channels of tracheal smooth muscle
cells (Lemoine et a., 1997). The binding observed in the
presence of 1 wM P1075 was regarded as non-specific. For
radiolabelling of muscarinic acetylcholine receptors, we
used [*H]quinuclidinyl[phenyl-4-*H]benzilate (QNB),
which had a specific activity of 50 Ci /mmol. With this
ligand non-specific binding was examined in the presence
of 1 wM atropine.

Bound radioligand was separated from free radioligand
by rapid vacuum filtration through Whatman GF /A glass
fiber filters pretreated with ice-cold polyethyleneglycole-
buffer (10% PEG, 10 mM Tris, 10 mM MgCl,, pH 7.4).
The filters were rapidly washed four times with 5 ml
ice-cold buffer (10 mM Tris, 5 mM MgCl,, pH 8.0) and
counted in a scintillation-counter (Packard 1500) with an
efficiency of 50% using Ultima Gold as scintillator
(Packard, USA). Competition binding experiments were
performed in the presence of a constant concentration of

the radioligand [L* ] (1 nM [*H]P1075 for K ,;p channels,
0.4 nM [*HIQNB for muscarinic acetylcholine receptors)
and increasing concentrations of competing ligands [L].
Displacement curves were analyzed by non-linear regres-
sion as reported (Lemoine, 1992; Lemoine et al., 1985)
according to the following equation

5 [L] 2
L]+ Kp(L+[L*]/KE)

where B, and BJ([L]) represent the specific binding of L*
to K ,1p channels in the absence and presence of L, K
denotes the dissociation constant of the respective radioli-
gand L* estimated independently in saturation binding
experiments and K, means the equilibrium dissociation
constant of the test compound L. Experimental data were
analyzed after transformation of data to obtain ho-
moscedasticity (Ehle et al., 1985), which resulted in reli-
able estimates of parameters (B,, B, and pK,) and
asymptotic standard deviations (A.S.D.). Data were fitted
to the hyperbola defined by Eq. (2) by non-linear regres-
sion with the use of SAS software package STAT. Data
points presented in the figures are means + S.E.M.

Bs([l-]) = Bo -

2.4. Modélling techniques

The molecular modelling studies were carried out on
Silicon Graphics Indigo2 workstations with SYBYL6.3
(Tripos associates, St. Louis, MO, USA). The conforma-
tional behavior of all compounds was investigated using
molecular mechanics as well as quantum chemical meth-
ods. The charge distribution (molecular electrostatic poten-
tial) was calculated with a 3-21 G* basis set. Energies of
the lowest unoccupied molecular orbital (LUMO), which is
located at the benzene ring (LUMO(benz)), were extracted
from a semiempirically derived wavefunction (AM1-
method), using the software package SPARTAN 4.1
(Wavefunction, Irvine, USA). Solvation energies were
generated applying a semianalytical approach, which is
implemented in the program PrGen2.0 (Biographics Labo-
ratory, Basel, CH).

2.5. Drugs and materials

The radioligands [*H]P1075 (108 Ci/mmol = 4.00
TBg/mmol) and *H-QNB (quinuclidinyl[phenyl-4->H]
benzilate, 50 Ci /mmol = 1.85 TBg,/mmol) were from the
Radiochemical Center, Amersham, UK. Glibenclamide was
from Hoechst Marion Roussell (Frankfurt). K* channel
openers were synthesized by A. Derix and H. Weber
(Ewertz et al., 1997; Derix, 1998) or were from E. Merck
(Darmstadt). K* channel openers were dissolved in 10%
dimethyl sulfoxide (DMSO). The DMSO concentration in
the organ bath was kept lower than 1% (v /v) and did not
influence tissue responsiveness. MEMS 10-171-22 was
from ICN (Costa Mesa, USA); other chemicals were from
local commercial sources.
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3. Results
3.1. Biological activity in isolated aorta and trachea

To quantify the relaxant potencies of the different K*
channel activators we recorded cumulative concentration—
effect curves for the test compounds in isolated aortic rings
and tracheal strips of the rat. Under control conditions,
contractures induced with 25 mM K™ in aortic rings (Fig.
1, 1st trace) and with 0.6 wM carbachal in tracheal strips
(Fig. 1, 3rd trace) were constant for 5 to 10 h. Contractures
of tracheal strips elicited by 25 mM K* were not stable for
the time period needed. The test compounds relaxed smooth
muscle preparations dose dependently. As a typical exam-
ple, cumulative concentration—effect curves for AE 30 are
shown as original recordings both in rat aorta (Fig. 1, 2nd
trace) and in rat trachea (Fig. 1, 4th trace). AE 30 was
more potent in aorta than in trachea (compare the effects
of 2 and 6 wM AE 30). Fig. 2 shows the corresponding
concentration—effect curves of AE 30 for relaxation of

Aorta 25 MM KCI
‘

100

E o/o O aorta

A trachea

504

10 9 8 7 6 5 4
—log[AE30] M

Fig. 2. Concentration—effect curves for compound AE 30 in aortic rings
(circles) and tracheal strips (triangles). Points and bars represent means+
S.E.M. of n=6 aortic rings and n= 5 tracheal strips. pECs,-values for
relaxation were determined as 6.17+0.05 (aorta) and 5.64+0.04
(trachea).

aortic and tracheal smooth muscle. Mean pEC,,-values
(—log, M) and S.E.M. for the relaxation produced by AE
30 were calculated as 6.17 + 0.05 for the aorta and 5.64 +

20
mN f

70 min

25 mM KCl AE30 [uM] 0,06 0,2 0.6 2 6 20
l o ‘ . ‘ (] ‘
20
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Tf;n:in
Trachea
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Fig. 1. Origind recording of an experiment with compound AE 30. Top panel: Two aortic rings from the same anima were mounted in different organ
baths, one served as control (1st trace) and the other was used to test AE 30 (2nd trace). Basal tone of aortic rings was adjusted to 5 mN and remained
stable for 2 h (not shown) before a contracture was induced with 25 mM KCI. After the contracture reached equilibrium, increasing concentrations of AE
30 were added to the second aortic ring (2nd trace) at the indicated time points. Bottom panel: Two tracheal strips from the same animal were mounted in
different organ baths, one served as control (3rd trace) and the other was used to test AE 30 (4th trace). Basal tone of a tracheal ring was adjusted to 10
mN and remained stable for 2 h (not shown) before a contracture was induced with 0.6 wM carbachol. After the contracture reached equilibrium,
increasing concentrations of AE 30 were added to the second aortic ring (4th panel) at the indicated time points. Note that the time scales in the top and
bottom panels are different, indicating a faster drug access to trachea than to aorta.
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0.04 for the trachea (compare Table 1), indicating that AE
30 was approximately three times more potent in aorta.

In order to attribute the smooth muscle relaxation caused
by the new compounds to the activation of K 5+, channels,
the reversibility of the relaxant effects was tested by
application of the K™ channel antagonist glibenclamide
(data not shown). In al cases, the relaxant effects were
effectively antagonized with 2, 6, and 20 wM gliben-
clamide added cumulatively to the organ baths after the
relaxation caused by the test compounds had reached a
maximum.

The relative potencies of the new benzopyrans in the
two test systems were measured in four to six experiments
(Table 1). In rat aorta, pEC,, values differed by 2.4 log
units and ranged from 7.84 (—log, M) for the bromo-de-
rivative (EMD 55491) with the highest potency to 5.43
(—log, M) for the unsubstituted lead (AE 9) with the
lowest potency. In rat trachea, the activity spectrum dif-
fered by 2.5 log units; the highest potency was again found
for EMD 55491 (pEC,, = 7.53 + 0.11) and the lowest for
AE 9 (pEC,, = 5.05 £ 0.08). Comparison of the potency
of the compounds to cause relaxation in aortic vs. tracheal

Table 1

smooth muscle by linear regression revealed a slope near
1, indicating a pronounced similarity of K ,1p channelsin
both tissues:

l0gl/C ora = 0.924( £0.17)1091/Cyochea
+1.012( £1.07) (3)
n=24;r=0.921; s=0.23; F=123
On average, the compounds were about 0.5 log units
more potent in aortic rings than in tracheal strips.

3.2. Binding-function correlations

To prove whether the relaxant properties of the new
benzopyrans are mediated via K,rp channels, we per-
formed a binding study with enzymaticaly disaggregated
tracheal cells of the calf. Recently, we published (Lemoine
et a., 1997) that the cyanoguanidine [*H]P1075 is a suit-
able radioligand for K ,rp channels of tracheal smooth
muscle cells and is characterized by high affinity (pKy =
8.62 + 0.09) and low non-specific binding. For the binding
study, the following selection of test compounds was
made: bimakalim (R® = CN) asreference, AE9(R® = —H)
as the unsubstituted lead to quantify the impact of 6-subs-

Relaxant potencies of benzopyrans with different substituents at position 6 in rat aorta and trachea
Relaxant potencies are given as pECgy-values (—log, M) and E,,,,-values (%) refer to basal tone set to 100% relaxation. S.E.M. values are standard errors

of the mean for n independent experiments.

Compound R® Aorta Trachea
PECs, n Emax PECs, n Ennax
(+SEM.) —log M (+SEM.) (%) (+SEM.) —log M (+SEM) (%)

Type A compounds

AE 09 H 5.43 (40.06) 6 96 (+1) 5.05 (40.08) 6 92(+1)
AE 20 Benzoyl 6.61 (£0.07) 6 101 (+1) 6.21(£0.07) 6 104 (£5)
AE 22 2-Furoyl 6.49 (+£0.05) 6 101 (£ 1) 5.92(+0.049) 4 99 (+5)
AE23 2-Thenoyl 6.40 (+0.10) 5 100(+0) 5.84 (+0.08) 6 100 (+0)
AE21 4-Hydroxybenzoyl 6.65 (+0.03) 4 100(+0) 5.87(+0.12) 4 101 (+4)
AE 25 4-Methoxybenzoyl 6.15(£0.13) 4 94 (£5) 5.72(+0.03) 4 111(+3)
AE 26 4-Nitrobenzoyl 6.20 (+£0.13) 6 98(+3) 6.09 (+0.11) 6 102 (+2)
AE 33 2-Methylbenzoyl 6.83 (+0.09) 5 98(+3) 6.25(+0.08) 4 98(+2)
AE 34 2-Trifluoro-methylbenzoyl 6.76 (+0.14) 4 99 (£3) 5.78 (+0.16) 4 98(£3)
AE 30 2-Nitrobenzoyl 6.17 (+0.05) 6 97 (1D 5.64 (+0.04) 5 100 (+0)
AE 29 2-Fluorobenzoy! 7.08(4+0.13) 6 96 (+5) 6.34(+0.12) 6 99 (+1)
AE 49 2,6-Difluorobenzoyl 6.97 (+0.09) 5 99 (+1) 5.99 (40.06) 5 102(+1)
Type B compounds

AE 44 Formyl 6.91 (4+0.05) 6 100(+ 1) 6.14 (+0.03) 5 101(+2)
AE 11 Acetyl 7.37(+0.05) 6 101(+1) 6.65 (+0.01) 6 100 (+0)
AE 15 Propionyl 6.63 (+0.10) 6 100(+0) 5.85(+0.07) 6 99 (+1)
AE 18 Cyclohexyl-carbonyl 6.33 (£0.15) 4 86 (+6) 6.03 (£+0.10) 4 100 (+0)
Type C compounds

Bimakalim Cyano 7.67 (+£0.10) 5 99(+2) 7.10 (£0.08) 6 101(+1)
AE 47 2,2-Dicyanoethenyl 6.95(+0.08) 6 96 (+4) 6.30 (+0.07) 5 99 (£2)
EMD 55491  Bromo 7.84(+£0.08) 5 98(+1) 7.53(+0.13) 6  109(+4
EMD 60893  Trifluoromethyl 7.61(£0.12) 5 101(+2) 7.37 (£0.05) 6 100(+1)
AE 45 Aminohydroxy-iminomethyl  5.99 (+0.13) 6 99(+1) 5.51(40.11) 6 106 (+5)
EMD 54208  Thioamido 6.21(+0.12) 6 101(+2) 5.96 (+0.06) 5 101(+1)
EMD 53704  4-Pyridyl 6.68 (+0.10) 6 106 (+5) 6.32(+0.12) 6 115(+5)
AE 48 2,5-Dimethyl-1-pyrrolyl 7.28 (£0.08) 5 98(+3) 6.78 (1+0.06) 4 101(+1)
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titution, AE 11 (R® = acetyl), AE 15 (R® = propionyl) and
AE 20 (R® = benzoyl) as a series with increasing size and
lipophilicity, and the bromo-derivative (EMD 66491) to
test if its electronic properties favor high affinity compared
to that of the reference. [*HJP1075 binding could be
completely displaced by all test compounds in competition
binding experiments (not shown). In all experiments, bind-
ing curves followed a simple hyperbola (Eg. (2)) and
non-specific binding did not exceed 25%. Dissociation
constants of the test compounds estimated by non-linear
regression are listed in Table 2. As found in the relaxation
study, the Br- (EMD 55491) and the H-derivative (AE 09)
exhibited the highest (pK = 7.79 + 0.04) and the lowest
affinity (pK = 5.52 + 0.09), respectively. The affinity de-
creased with increasing size of the R®-substituent (compare
AE 11, AE 15 and AE 20) and the bromo-derivative
exhibited a two-fold higher affinity than bimakalim.

To determine whether the binding affinities of the tested
compounds measured in calf tracheal cells correspond to
their potencies for relaxation of rat trachea strips, the
correlation of pKp-data for binding and pEC,-data for
relaxation was calculated. The plot in Fig. 3 and the
following regression equation showed there to be a high
interrelation between binding and functional data:

PECg, = 0.79( £0.23)pK + 0.99( + 1.59) (4)
n=28; r=0.96; s=0.24; F=67.8

This correlation indicates that smooth muscle relaxation
induced by the new benzopyrans is due to binding to K op
channels. The moderately higher affinity of the compounds
in binding studies (trachea cells of the calf) as compared

to their relaxant potency in functional experiments (tracheal
strips of the rat) might reflect species differences.

3.3. Characterization of the anti-muscarinic activity of AE
51

The R®-substituent of the compound AE 51, which was
designed to discriminate between intra- and extracellular

Table 2

Binding inhibition constants of a selection of some K* channel activators
for the [*H]P1075-labelled binding site in tracheal smooth muscle cells
pKp values were determined in competition binding experiments with
[*H]P1075 as radioligand (experiments not shown). Competition binding
curves were fitted by non-linear regression analysis according to Eq. (2).
A.S.D. values reflect asymptotic standard deviations estimated by regres-
sions analysis.

Compound Substituent pKp +A.SD, —log, M
Bimakalim CN 7.79+0.04
AE9 H 5.52+0.09
AE 11 Acetyl 757+0.17
AE 15 Propionyl 6.25+0.16
AE 20 Benzoyl 6.28+0.25
AE 26 4-Nitrobenzoyl 6.15+0.18
EMD 54208 Thioamido 6.25+0.07
EMD 55491 Bromo 8.12+0.06

9 -

pPKp

8 -

binding inhibition constants
in tracheal muscle cells

tracheal relaxation

Fig. 3. Correlation of pKy-values representing binding affinity with
PECs,-values for relaxation of rat tracheal strips of a selection of test
compounds. From |eft to right, data points represent AE 09, AE 15, EMD
54 208, AE 26, AE 20, AE 11, bimakalim and EMD 55491. Binding was
measured as competition binding with [*H]P1075 in enzymatically disag-
gregated tracheal smooth muscle cells of the calf. Values for pECg, and
pKp are listed in Table 1 and Table 2, respectively. The dotted line
represents the hypothetical identity of pK and pECg,. The regression
line with a slope of 1.16+0.08 shows a high correlation (r = 0.96)
between binding and functional data. The deviation of the regression line
from the dotted line reflects a higher potency of compounds for binding
than for relaxation, possibly indicating species differences between tra-
cheal smooth muscle of calf and rat.

access of benzopyrans to their binding sites on K,qp
channels, is a permanently charged trimethylammonium
group with strong electronegative properties. First experi-
ments with AE 51 in aortic rings and tracheal strips (Fig.
4) revealed a marked difference in its relaxant potency.
While tracheal tension was potently reduced with micro-
molar concentrations of AE 51, aortic tension was com-
pletely resistant to relaxation. As all other compounds (see
Table 1) did not show marked difference in potencies in
aorta and trachea, which argues against a high selectivity
of AE 51 for tracheal K,1p channels, we considered an
alternative hypothesis related to the different stimulus cho-
sen for precontraction of aortic (25 mM K*) and trachea
(0.6 wM carbachol) smooth muscle.

As an alternative mechanism we hypothesized that AE
51 might directly antagonize carbachol at muscarinic
acetylcholine receptors. Consequently, increasing the occu-
pancy of muscarinic receptors by the agonist should reduce
the relaxant potency of AE 51. However, high concentra-
tions of carbachol could induce a different spectrum of
intracellular events due to a shift of signal transduction by
occupation of different muscarinic receptor subtypes.
Therefore, we chose a different method to increase mus-
carinic receptor occupancy and combined a high concen-
tration of agonist with an appropriate concentration of an
antagonist, resulting in the same degree of receptor occu-
pancy by the agonist. We used 100 nM atropine (equiva-
lent to approximately 100 K,) and 60 wM carbachol,
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Fig. 4. Original recording of an experiment with the trimethylammonium derivative AE 51. Top trace: Basal tone of an aortic ring was adjusted to 5 mN
and remained stable for 2 h (not shown) before a contracture was induced with 25 mM KCI. After the contracture reached equilibrium, increasing
concentrations of AE 51 were added at the indicated time points. Aortic tone was resistant to relaxation induced by AE 51. Bottom trace: Basal tone of a
tracheal ring was adjusted to 10 mN and remained stable for 2 h (not shown) before a contracture was induced with 0.6 WM carbachol. After 1 h, the
registration system was reamplified and the time resolution was readjusted (see calibration bars). Concentrations of AE 51 were increased from 0.06 to 6
M and induced a dose-dependent and complete relaxation of the tracheal strip.

which exceeded the standard concentration by a factor of
100, and applied this agonist /antagonist combination to
precontract tracheal strips to achieve a similar height of
tracheal tone. Under this condition, the reanaysis of the
tracheal relaxation produced by AE 51 resulted in a marked
loss of relaxant potency (Fig. 5): micromolar concentra-
tions of AE 51 were completely ineffective and high
concentrations, which were maximally effective under
standard conditions, exhibited only threshold effects.
From this experiment (Fig. 5), it appeared likely that
AE 51 acts as antagonist for muscarinic acetylcholine

100+
precontraction with
Eo/o O 0.6 nmol/l carbachol
A 0.1 pmol/l atropine &
60 pmol/l carbachol
504
04

—log[AE51] M

Fig. 5. Tracheal relaxation elicited by AE 51 is dependent on a different
occupancy of muscarinic receptors. Standard conditions (circles, 0.6 M
carbachol) for precontraction of tracheal strips were compared to a
combination (triangles) of an agonist (60 wM carbachol) with the appro-
priate antagonist (0.1 wM atropine), resulting in the same receptor
occupancy by the agonist alone but a 100-fold higher receptor occupancy
by the combination of agonist and antagonist. The potency of AE 51 for
relaxation was markedly reduced after precontraction with 60 .M carba-
chol in the presence of 0.1 wM atropine, indicating an anti-muscarinergic
effect of AE 51.

receptors. Thus, a further series of experiments was per-
formed to determine the equilibrium dissociation constant
of AE 51 for muscarinic acetylcholine receptors (Fig. 6).
Concentration—effect curves for carbachol were deter-
mined in the absence and presence of AE 51. From the AE
51-induced shift of the concentration—effect curves to the
right (i.e., higher carbachol concentrations), CR were de-
termined as log(CR — 1)-values and related to AE 51
concentration (—log, M). The linear regression analysis of
data according to Eq. (1) (Arunlakshana and Schild, 1959)
yielded a slope of approximately 1.00 (see Fig. 6, bottom
panel) and an equilibrium dissociation constant K5 (—log,
M) of 6.12 + 0.12. These experiments and the observation
that AE 51 did not exhibit any stimulant effects character-
ize the compound as a pure antagonist of muscarinic
acetylcholine receptors with micromolar affinity.

To exclude the possibility that AE 51 acted as antago-
nist in aortic smooth muscle, a possibility which was not
analyzed in the experiment of Fig. 4, we designed an
experiment with aortic rings (not shown) in which AE 51
was regarded as a putative antagonist of the agonistic
effects of another compound of the series (AE 11). Puta
tive antagonistic properties of AE 51 would result in a
rightward shift of the concentration—response curve for AE
11. However, under both conditions (i.e., in the absence
and presence of AE 51) identical concentration—response
curves for AE 11 were measured, thereby excluding any
K srp-antagonistic activity of AE 51 in aortic smooth
muscle.

To confirm the characterization of AE 51 as an antago-
nist with a micromolar Ky for muscarinic acetylcholine
receptors without any affinity for K ,rp channels we per-



92 H. Lemoine et al. / European Journal of Pharmacology 378 (1999) 85-97

1 OO1
E%
504 control
3
10 um
30 AE 51
100
0J

—log [carbachol] M

log (CR-1)
2.0
1.0
pKg =6.12 + 0.10
- slope = 1.02 + 0.07
0.04 f T T T T T T 1
7 6 5 4

—log [AE51] M

Fig. 6. Determination of the equilibrium dissociation constant of AE 51
as antagonist of muscarinic receptors in rat tracheas. Upper panel:
Concentration—effect curves for carbachol were determined in absence
and presence of different concentrations of AE 51. AE 51 was preincu-
bated for 60 min. Lower panel: Schild-plot relating AE 51 concentrations
to the CR of carbachol determined as the difference between pECg,-val-
ues in the absence and presence of antagonist (AE 51). Linear regression
of data resulted in a slope not significantly different from one and a
dissociation constant Kz (—log, M) of 6.12+0.10.

formed binding experiments with tracheal smooth muscle
cells of the calf. Muscarinic acetylcholine receptors were
labelled with [*HIQNB and K ., channelswith [*H]P1075.
Whereas [*HIQNB was effectively displaced by increasing
concentrations of AE 51, the binding of [*H]P1075 was
completely resistant to AE 51 (Fig. 7). Non-linear regres-
sion analysis according to Eq. (2) using the dissociation
constant (10.11 + 0.05) for [*HIQNB determined in tra-
cheal smooth muscle cells by saturation binding (Tesche-
macher et al., 1998), yielded a dissociation constant (— log,
M) for AE 51 of 5.77 + 0.04. Binding data confirmed the
results of functional experiments, showing micromolar
affinity of AE 51 for muscarinic acetylcholine receptors
and the complete loss of affinity for K ,1p channels.

3.4. Analysis of structure—activity relationships

3.4.1. Qualitative structure—activity relationships

The type A compounds comprised aryl-keto-benzo-
pyrans with moderate potency. Exchange of benzoyl by
furoyl or thenoyl decreased potency. Also para-substitu-
tion was detrimental with following rank order: benzoyl(b)
= para-hydroxy-b > para-methoxy-b = para-nitro-b. A
putative explanation might be steric hindrance of the re-
ceptor interaction by para-substitution. In contrast, ortho-

substitution of benzoyl resulted in an increased potency as
compared to the lead with the exception of ortho-nitro. In
particular, an ortho-fluoro substitution (AE 29, AE 49)
was advantageous. Alkyl ketones (type B compounds)
exhibited significantly stronger potency variations than the
former and showed a clear size dependence of activity: the
acetyl derivative AE 11 was the most potent and the
cyclohexylcarbonyl analogue AE 18 was the weakest com-
pound. The 6-substituents of type C compounds were not
carbonyl-linked, but directly attached to the aromatic ring
and exhibited strong chemical heterogeneity. Accordingly,
a broad spectrum of vasorelaxant potency was observed,
ranging from very weak (AE 45, EMD 54208) through
intermediate (EMD 53704, AE 47) to rather high potency
(AE 48, EMD 60893, bimakalim, EMD 55491).

3.4.2. Theoretical investigations

To understand the above described qualitative struc-
ture—activity relationships, we performed molecular mod-
elling studies. LUMO energies, desolvation energies and
molecular electrostatic potentials were calculated.

First, the possibility of charge transfer interactions was
investigated. It was assumed that the electron-deficient
aromate, being an electron acceptor, would bind to a
corresponding electron donor within the receptor site. If
charge transfer is important for receptor binding, small
LUMO energies (Table 3) are expected when binding
affinities are strong and vice versa. However, we found no
correlation between these two parameters, as demonstrated
by the plot in Fig. 8. The LUMO(benz) energy was smaller
for AE 47 with intermediate potency than for the rather
potent bimakalim, thereby contradicting, that charge trans-
fer contributed to receptor binding.

O [*H]aNB
A [*H]P1075

100

9 8 7 6 5 4 3
—log [AE51] M

Fig. 7. Radioligand binding experiments with [?HIQNB and [*H]P1075 in
disaggregated tracheal smooth muscle cells. Muscarinic acetylcholine
receptors were radiolabelled with 0.44 nM [*H]JQNB and K ,;p channels
with 1.62 nM [*H]P1075. Increasing concentrations of AE 51 competed
with [*HIQNB (circles) but not with [*H]P1075 (triangles) for binding.
The dissociation constant pKp (—log, M) of AE 51 for muscarinic
acetylcholine receptors estimated by non-linear regression according to
Eqg. (2) was 5.77+0.04.
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Table 3
LUMO(benz) energies and desolvation energies of benzopyrans with
different substituents at position 6

Compound LUMO(benz) Desolvation energy
energy (eV) (kcal /mol)
AE9 —0.2569 —-9.21
AE 11 —0.4871 —12.73
AE 15 —0.4817 —-1231
AE 18 —0.4806 -11.82
AE 20 —0.5287 —-12.91
AE 21 —0.5253 —16.19
AE 22 —0.4898 —16.44
AE 23 —0.5085 —13.26
AE 25 —0.4837 —14.90
AE 26 —0.7516 —17.27
AE 29 —0.5652 —13.68
AE 30 —0.6031 —-19.25
AE 33 —0.4890 —12.08
AE 34 —0.6724 —15.81
AE 44 —0.5408 —1251
AE 45 —0.4018 —15.58
AE 47 —1.2262 —13.45
AE 48 —0.4757 —9.46
AE 49 —0.6219 —14.37
Bimakalim —0.6119 —11.58
EMD 53704 —0.4415 —12.90
EMD 54208 —0.7916 —14.91
EMD 55491 —0.4785 —8.99
MD 60893 —0.6183 —10.82

The desolvation energies of the substituents can also
contribute to binding (Table 3). This term comprises the
amount of energy necessary to remove the water molecules
from the surface of the ligand to facilitate receptor binding.
Thus, the binding process is favored when this term is
rather small; for example, more energy would be needed to
desolvate AE 47 in comparison to bimakalim. After omis-
sion of AE 9 as outlier, there was a correlation between the
PEC,-values and the desolvation energies (see Fig. 8),
underlining the importance of this term.

One of the most important forces in the recognition
process between a receptor and a ligand is the electrostatic
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Fig. 8. The pECg, values are plotted against the LUMO(benz) energy
(rectangles) and against the desolvation energy (circles). The Y-axis on
the left refers to the rectangles and the Y-axis on the right to the circles.

interaction. In Fig. 9, the molecular electrostatic potentials
of bimakalim, AE 47 and AE 51 are presented in the plane
of their benzopyran nucleus. The frontier potential lines
close to the 6-substituent were contoured at a level of —60
kcal /mol in the case of bimakalim and AE 47, whereas for
AE 51 the level was +100 kca /mol. The degree of

Fig. 9. The molecular electrostatic potentials of bimakalim, AE 47 and
AE 51 are depicted in the plane of their benzopyran nucleus. The cap-like
molecular electrostatic potential lines, located close to the cyano nitro-
gens of bimakaim and AE 47, are at a level of —60 kcal /moal. In
contrast, the trimethylammonium group at the 6-position of AE 51
induces a positive molecular electrostatic potential, which wraps the
whole molecule completely. The frontier contour shown is + 100
keal /mal.
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Fig. 10. Superposition of the geometry-optimized structure of bimakalim (grey) on that of AE 47 (black). The 2D-structures are shown on the right hand

side.

congruence between the molecular electrostatic potentials
of the individual compounds can indicate the importance
of electrostetic interactions. The location of the maximum
of the negative molecular electrostatic potentials close to
the cyano nitrogens in AE 47 (Fig. 9) could not be fully
superimposed with that in bimakalim, which was also true
for the position of the cyano groups in the two molecules
(Fig. 10).

The conversion of the biological effect of AE 51 from
an agonist for K,;p channels to a antagonist for mus-
carinic acetylcholine receptors can be understood in terms
of the above data. If one accepts the view that a negative
potential at the 6-position of the chromene nucleus is
essential for binding to and opening of K 41, channels, it is
not surprising that the positively charged compound AE 51
exhibited a completely different pharmacological profile.

4. Discussion
4.1. Pharmacological properties

While ligands for a given G-protein-coupled receptor
are chemically rather similar (e.g., B-adrenoceptor agonists
and antagonists), ligands for some ion channels exhibit an
extraordinary chemical diversity, indicating the existence
of multiple binding sites on ion channels (e.g., L-type
Ca*-channels) for chemically very different classes of
drugs (Striessnig and Glossmann, 1992). ATP-sensitive
K™ channels are assembled with an octameric stoichiom-
etry and are composed of a pore-forming «-subunit, an
inward rectifying K* channel, and a regulatory B-subunit,
the SUR, which carries the binding sites for channel-block-
ing sulfonylureas (e.g., glibenclamide, for review, see
Aguilar-Bryan et al., 1998). SUR are members of the
ATP-hinding cassette protein superfamily, which is charac-
terized by 13 membrane spanning helical regions and two
nucleotide binding folds. Three isoforms have been cloned
and are proposed to reconstitute the pancreatic B-cell

(SUR1, Inagaki et al., 1995), the cardiac- (SUR2A, Ina-
gaki et al., 1996), and the smooth muscle-type of K ,p
channel (SUR2B, Isomoto et al., 1996). In addition to
binding sites for sulfonylureas, SUR also carry the binding
sites for K ,;p channel activators (Hambrock et al., 1998;
Schwanstecher et al., 1998). At least seven classes of
chemically different structures interact with K ,5 channels
followed by channel activation (Edwards and Weston,
1990).

Among the activators, the subgroup of benzopyrans is
best characterized by pharmacological investigations and
structure—activity analyses (Bergmann and Gericke, 1990;
Gericke et al., 1991; Ishizawa et a., 1993; Koga et .,
1993; Ohta et al., 1994). The latter, however, are primarily
focused on the 4-position of the benzopyran nucleus; our
study was directed to an analysis of the importance of
6-substitutions. Rat aorta and trachea were selected as
biologica models because of the putative therapeutic ap-
plication of K* channel activators in hypertension and
asthma. As test set of compounds we used 24 benzopyrans
with different substitutions at position 6, synthesized by
Derix (1998). As compared to the unsubstituted lead, an
adequate 6-substituent increased the relaxant potency by a
factor of up to 500 both in aorta and trachea. Thus, K ,1p
channel opening activity is sensitive to 6-substitution.

To prove whether the relaxant properties of the new
benzopyrans are mediated via K,;p channels, we per-
formed binding studies with [*H]P1075 with enzymatically
disaggregated tracheal cells of the calf. The radioligand
was a tritiated analogue of a cyanoguanidine that acts as
K* channel opener (Manley et al., 1993) and which was
originally characterized by its binding to intact smooth
muscle rings of rat aorta with a dissociation constant of
about 4 nM (Quast et al., 1993). [*HIP1075 was used in
competition binding studies to determine dissociation con-
stants (K ) for K* channel openers of different chemical
classes. The K-values showed a good correlation with the
EC,,-values for their relaxant action in functional experi-
ments (rat aortic rings. Bray and Quast, 1992; calf coro-
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nary arteries vs. cultivated coronary smooth muscle cells:
Mannhold et al., 1996). Recently, it was shown (Lemoine
et al., 1997) that [*H]P1075 is also a suitable radioligand
for K,rp channels of tracheal smooth muscle, which is
characterized by high affinity (pK, =8.62+ 0.09) and
low receptor density (5750 + 410 sites per cell), being
approximately 50-fold lower than that of muscarinic
acetylcholine receptors (Teschemacher et al., 1998). The
high correlation of the pECg, for relaxation with the pK
for binding shows that the new compounds act via interac-
tion with K ,;p channels and that the variation of relaxant
potency of chemically different compounds is due to a
variation of binding affinity and not due to a variation of
their agonistic potency. Confirming observations from ear-
lier investigations (Lemoine et al., 1996, 1997; Mannhold
et a., 1996, 1999) we found weaker potencies for our
benzopyrans in tracheal tissue than in aortic smooth mus-
cle. Underlying explanations might be either differencesin
drug access to the receptor biophase or a reduced affinity
of benzopyrans for K ,p channels in the trachea It ap-
pears unlikely that the difference in potency of the test
compounds for vaso-vs. tracheo-relaxant effects via K y1p
channels was due to the use of different stimuli used for
precontraction of tissues (carbachol in trachea vs. low 25
mM K* in aorta), as was shown by Cook et al. (1988) for
cromakalim. These authors did not find that the use of
different stimuli (angiotensin 11, KCI, 5-hydroxytryptamine
and noradrenaline) to precontract rabbit aorta influenced
the estimates of EC,s for relaxation by cromakalim.

As a probe for an intra- or extracellular location of the
binding site for K™ channel openers we designed and
synthesized the permanently charged derivative AE 51,
which contains a trimethylammonium moiety. It can be
expected that AE 51 does not cross the cell membrane at
least for the short duration of drug action (=10 min,
compare Fig. 4) under our experimental conditions. Sur-
prisingly, the compound AE 51 was completely inactive in
isolated aortic strips, whereas in tracheal strips a signifi-
cant relaxation could be induced with micromolar doses of
the compound (Fig. 4). Because it appeared unlikely that
AE 51 exerted tissue selectivity in favor of the trachea, we
took into account that the different stimuli used for con-
traction of aortic (25 mM K*) and tracheal strips (0.6 w.M
carbachol) might explain the different ability of AE 51 to
cause relaxation. Atropine, which binds with nanomolar
affinity to muscarinic acetylcholine receptors of disaggre-
gated tracheal cells (Teschemacher et al., 1998), antago-
nized the relaxant effects of AE 51 with high potency (Fig.
6), hinting at muscarinic receptors being involved in the
mediation of the relaxant effects of AE 51. By radioligand
binding, it was demonstrated that micromolar concentra-
tions of AE 51 competed with a standard radioligand for
muscarinic acetylcholine receptors (*H-QNB, Fig. 7). A
final proof for its antimuscarinic mode of action was found
in functional experiments demonstrating simple competi-
tion with a muscarinic agonist (carbachol, Fig. 6): the

basal tone of smooth muscle strips remained uninfluenced,
concentration—effect curves for carbachol were shifted in a
parallel manner, the blockade was surmounted by high
carbachol concentrations and the Schild-plot analysis (Fig.
7, bottom) showed a slope of the regression line close to
1.0, indicating a simple competitive mode of antagonism.
Like the radioligand binding experiments, the Schild-plot
analysis yielded a micromolar dissociation constant for AE
51 at muscarinic acetylcholine receptors.

Which of the muscarinic acetylcholine receptor sub-
types (M,—M,, Eglen et al., 1994) are involved in the
mediation of the antimuscarinic effects of AE 51 remains
unclear because each of the ligands used to compete with
AE 51 (carbachol, atropine, [°’HIQNB) interacts with each
receptor subtype. However, as a pure preparation of tra-
cheal smooth muscle cells was used for the binding stud-
ies, it can be concluded that AE 51 at least binds to M4
and M, receptors located on airway smooth muscle cells
and antagonizes effects mediated by M ; and M, receptors.
M, and M, receptors are known to increase airway smooth
muscle tone via stimulation of phosphatidylinositol
turnover and the release of inositol-1,4,5-trisphosphate (1P;)
coupled to G-proteins (Chilvers and Nahorski, 1989) and
via inhibition of B,-adrenoceptor mediated stimulation of
adenylyl cyclase coupled to G,-proteins (Yang et al., 1991),
respectively.

Obviously, the unexpected change in the pharmacologi-
cal profile of AE 51, which turned out to act as muscarinic
antagonist and not as agonist for K ,1p channels, prevented
us from answering the initial question about the intra- or
extracellular localization of the binding site of K 51, chan-
nels for agonists.

4.2. Modelling investigations

Previous pharmacophore models for K* channel activa-
tors of the benzopyran type primarily reflect the impor-
tance of the 2-, 3- and 4-substitutions. Contradictory inter-
pretations are found in the literature for the receptor
interaction of the 6-substituent. According to Atwal (1994),
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Fig. 11. Extended pharmacophore model for K* channel activators of the
benzopyran-type with different substitution in the 6-position on the basis
of the present data: the 6-substituent should be small and able to induce a
negative electrostatic potential or should be polarizable; larger sub-
stituents will produce sterical repulsion.
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the 6-substituent influences biological activity by with-
drawing electrons from the aromatic part of the benzopy-
ran nucleus. Thereby, the electron-deficient aromate could
serve as a binding partner in charge transfer complexes.

The present data contradict this possibility. The results
of the theoretical investigations clearly showed that a
charge transfer interaction did not contribute to ligand-re-
ceptor binding, as would be indicated by an inverse rela-
tion between LUMO energies and binding affinities. We
found that this correlation did not exist (Fig. 8). Thus, it is
obvious that the respective 6-substituent itself must inter-
act directly with the binding site and that its electron-
withdrawing effect on the aromatic nucleus is of minor
importance with respect to its binding affinity.

Taking into account all structure—activity data and the
results of our theoretical investigations concerning the
6-substituent, we conclude that three qualities are neces-
sary for high potency.

- Firstly, the substituent should be small in size.

+ Secondly, with regard to the electronic properties, the
6-substituent either should be able to induce a strong
negative molecular electrostatic potential close to the ben-
zopyran nucleus (as is exemplified by bimakalim in Fig. 9
and aso holds true for EMD 60893, AE 11 and AE 44) or
should be polarizable, as is the case for the bromine
substituent in EMD 55491.

- And, finaly, it is advantageous, if the desolvation
energy is small, because in such case a ligand will produce
a larger energy gain by binding.

The scheme in Fig. 11 illustrates our current concept
about a refined pharmacophore model for K* channel
activators of the benzopyran type.
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